1. Introduction {#sec1}
===============

ZIKV is an arthropod-born virus (arbovirus) of genus *Flavivirus*, which includes Dengue virus (DENV), West Nile virus, Yellow fever virus, and Japanese encephalitis virus ([@bib27], [@bib28], [@bib44]). ZIKV was isolated for the first time from a Rhesus monkey in the Zika forest of Uganda in 1947 ([@bib11], [@bib12]). ZIKV is transmitted to humans by mosquitoes, especially *Aedes aegypti* and *Aedes albopictus*. Symptoms of infection include fever, skin rash, arthralgia, and conjunctivitis ([@bib21]), but up to 80% of patients are asymptomatic ([@bib13], [@bib37], [@bib43]). ZIKV infection of humans by viruses of the African and Asian lineages was of marginal importance until the end of 20th century. In 2007, however, the first outbreak was reported in Yap Island in Micronesia, where the virus was transmitted by *Aedes aegypti* ([@bib27]). A widespread epidemic of the Asian lineage of ZIKV was reported in New Caledonia and French Polynesia from 2013 to 2015. ZIKV reached Brazil in 2013, and shortly thereafter, the virus spread among other countries in South and Central America ([@bib16]). In 2015, the number of cases of pregnancy-associated microcephaly suddenly increased in Brazil, in close association with a concurrent outbreak of ZIKV. A growing body of evidence indicates that ZIKV infection in pregnant women causes congenital abnormalities and fetal demise ([@bib5], [@bib31], [@bib36], [@bib41], [@bib48]). However, the mechanism underlying these phenomena remains unknown, and no therapy for these cases has been established.

Type I interferon receptor (*Ifnar1*)-deficient mice sustain high ZIKV loads in the brain and spinal cord and die of infection, whereas wild-type mice are resistant to ZIKV ([@bib29]). Furthermore, ZIKV-infected pregnant mice of SJL strain yield pups with congenital fetal abnormalities ([@bib10]). SJL mice carry mutations in the *Tyk2* gene, which is critical for type I IFN signaling ([@bib24]). These studies indicate that ZIKV is transmissible to the fetus, leading to defects in fetal development, and suggest that the type I IFN response plays an important role in ZIKV phylaxis in mice.

The antiviral drug ribavirin has been used for treatment of hepatitis C virus (HCV) infection in combination with type I IFN ([@bib1], [@bib2]). Ribavirin exerts its antiviral effect by inhibiting viral RNA-dependent RNA polymerases ([@bib4], [@bib32], [@bib47]), inhibiting mRNA cap formation ([@bib20]), and up-regulating genes related to IFN signaling ([@bib18], [@bib49]), as well as other mechanisms. Like ZIKV and DENV, HCV is a member of family Flaviviridae. Recent work showed that ribavirin inhibited DENV replication in Vero cells ([@bib39]), suggesting that the drug might also be an effective inhibitor of ZIKV replication.

In this study, we investigated the effects of ribavirin and IFN-β on ZIKV replication. We have found that the combination of ribavirin and IFN-β, as well as ribavirin or IFN-β alone inhibited ZIKV replication *in vitro*. They could inhibit the viral replication in Vero cells (a monkey cell line), SH-SY5Y cells (a human cell line), and C6/36 cells (a mosquito cell line). Moreover, we found that mice carrying a null mutation in the gene encoding STAT1, which is essential for type I IFN signaling, were highly susceptible to lethal infection with ZIKV. Finally, we found that administration of ribavirin inhibited in the early stage of viremia in ZIKV-infected STAT1-deficient mice. Taken together, these results indicate that ribavirin potently inhibits ZIKV replication both *in vitro* and *in vivo*, and administration of RNA polymerase inhibitors may be effective treatment strategy for the prevention of ZIKV infection.

2. Materials and methods {#sec2}
========================

2.1. Virus and cells {#sec2.1}
--------------------

Zika virus, MR 766 (Uganda, 1974), was kindly provided by the Rockefeller University (New York, NY, USA). Vero cells (African green monkey kidney) and SH-SY5Y cells were maintained at 37 °C in 5% CO~2~ in Dulbecco\'s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 50 U/mL penicillin, and 50 μg/mL of streptomycin. C6/36 cells (*Aedes albopictus*) were maintained at 28 °C in 5% CO~2~ in 10% complete MEM, which consists of Eagle\'s MEM (Nissui, Tokyo, Japan) with L-alanyl-glutamic acid (Gibco GlutaMAX, Thermo Fisher Scientific, Waltham, MA, USA), non-essential amino acids (Thermo Fisher Scientific), sodium bicarbonate (Thermo Fisher Scientific), and 10% FBS (Hyclone FBS, Thermo Fisher Scientific). ZIKV was subsequently propagated on C6/36 cells in 2% complete MEM.

2.2. Mice {#sec2.2}
---------

STAT1-deficient mice ([@bib35]) were kindly provided by Akihiko Yoshimura (Keio University, Tokyo, Japan). Male STAT1-deficient mice aged 7--9 weeks were used throughout this study. Mice were kept in specific pathogen--free facilities in the Division of Laboratory Animal Science of Oita University (Oita, Japan). All experiments using these mice were approved by and performed according to the guidelines of the Oita University Animal Ethics Committee.

2.3. Reagents {#sec2.3}
-------------

Ribavirin was purchased from Nacalai Tesque (Kyoto, Japan). Ganciclovir was purchased from Wako (Osaka, Japan). Recombinant human IFN-β was purchased from PeproTech (Rocky Hill, NJ, USA).

2.4. Real-time RT-PCR assay {#sec2.4}
---------------------------

Confluent Vero cells, SH-SY5Y cells, and C6/36 cells in 12-well culture plates (Costar, Corning, NY, USA) were infected with ZIKV diluted in 2% complete MEM at a multiplicity of infection (MOI) of 5 × 10^−5^ (Vero cells, C6/36 cells), or 5 × 10^−4^ (SH-SY5Y cells). Following 1 h adsorption at 37 °C, 2% complete MEM containing ribavirin (2.5--100 μg/mL) and/or IFNβ (0.05--5 U/mL) was added on the cells. Subsequently, cells were incubated for 4 days at 37 °C, 5% CO~2~ in a humidified environment. Total RNA was isolated from Vero cells, SH-SY5Y cells, and C6/36 cells using TRIzol reagent (Thermo Fisher Scientific), and cDNA was generated from 0.5 μg of total RNA using a Verso cDNA Kit (Thermo Fisher Scientific). Real-time RT-PCR was performed using ZIKV primers; ZIKV_qpF and ZIKV_qpR ([Table 1](#tbl1){ref-type="table"} ) ([@bib27]). Amplification of the target fragment was performed on a LightCycler96 (Roche, Basel, Switzerland) using a KAPA SYBR FAST qPCR Kit (Kapa Biosystems, Wilmington, MA, USA). All data were normalized against the corresponding level of the mRNA encoding β-actin, or 40S ribosomal protein S17 (AAEL004175) expression ([@bib30]). Amplification conditions were as follows: 45 cycles of 95 °C for 5 s and 60 °C for 30 s. Primers for ZIKV, β-actin, and 40S ribosomal protein S17 were purchased from FASMAC (Kanagawa, Japan). The sequences of primers are listed in [Table 1](#tbl1){ref-type="table"}.Table 1Primers list used in this study.Table 1Primer nameSequenceDescriptionsZIKV_qpFTTGGTCATGATACTGCTGATTGCReal-time RT-PCRZIKV_qpRCCTTCCACAAAGTCCCTATTGCReal-time RT-PCRZIKV ENV_qpFGCTGGDGCRGACACHGGRACTRT-PCR, Real-time RT-PCRZIKV ENV_qpRRTCYACYGCCATYTGGRCTGRT-PCR, Real-time RT-PCRbeta-actin_qpFGGGAATGGGTCAGAAGGACTReal-time RT-PCRbeta-actin_qpFCTTCTCCATGTCGTCCCAGTReal-time RT-PCRhuman beta-actin_qpFCGGCATCGTCACCAACTGReal-time RT-PCRhuman beta-actin_qpRAACATGATCTGGGTCATCTTCTCReal-time RT-PCR40s ribosomal protein s17_qpFCGATGGATTTCCACACGAACReal-time RT-PCR40s ribosomal protein s17_qpRGCTTCATCAGATGTGTCACGAReal-time RT-PCR

2.5. Viral titration and plaque assays {#sec2.5}
--------------------------------------

To determine the viral titer, confluent Vero cells in 12-well culture plates were infected with serial dilutions of ZIKV in 2% complete MEM. Following 1 h adsorption at 37 °C, 2% methylcellulose (MP Biomedicals, Aurora, OH, USA) was layered on the cells. Subsequently, cells were incubated for 4 days at 37 °C, 5% CO~2~ in a humidified environment, fixed in 10% formalin (Wako) and then stained with methylene blue (Wako) to count the plaques. To examine the effect of ribavirin, IFN-β, and ganciclovir on ZIKV replication, Vero cells were infected with ZIKV at an MOI of 5 × 10^−5^, 5 × 10^−4^ as described above, and then the methylcellulose containing ribavirin (10--1000 μg/mL), IFN-β (2.5--10 U/mL), or ganciclovir (0.5--2 μM or 10--100 μg/mL) was layered. Four days after, the plates were photographed.

2.6. Detection of apoptosis and cell death by microscopic and flow cytometric analysis {#sec2.6}
--------------------------------------------------------------------------------------

Confluent Vero cells in 12-well culture plates were infected with ZIKV diluted in 2% complete MEM at an MOI of 5 × 10^−3^. Following 1 h adsorption at 37 °C, the 2% complete MEM containing ribavirin (15.6--2000 μg/mL) was added. Four days after treatment, cells were observed under a microscope (Biorevo BZ-9000, Keyence, Osaka, Japan) and photographed. And then the cells were trypsinized and collected along with the supernatants, and cell viability was determined by staining with FITC--Annexin V (Biolegend, San Diego, CA, USA) and the Zombie Red Fixable Viability kit (Biolegend) staining. Data were acquired using a FACS BD LSRFortessa X-20 (BD Biosciences, Franklin Lakes, NJ, USA) and analysed using a FlowJo software (Tree Star, Inc., Ashland, OR, USA).

2.7. Evaluation of ribavirin *in vivo* using ZIKV-infected STAT1-deficient mice {#sec2.7}
-------------------------------------------------------------------------------

STAT1-deficient mice were subcutaneously infected in the dorsal flank with 0.2 mL PBS containing ZIKV (1.0 × 10^4^ plaque-forming units). To assess the inhibitory effect on viremia, ribavirin (15 mg) was administered intraperitoneally for 3 consecutive days post-infection. To measure viremia, RT-PCR was performed as follows: total RNA was isolated from the same amount of blood serum using a QuickGene RNA Tissue Kit SII (RT-S2) (KURABO, Osaka, Japan). The purified RNA was subjected to RT-PCR using a SuperScript III One-Step RT-PCR System, Platinum Taq (Thermo Fisher Scientific), using ZIKV primers; ZIKV ENV_qpF and ZIKV ENV_qpR ([Table 1](#tbl1){ref-type="table"}) ([@bib17]). Amplification conditions were as follows: 50 °C for 30 min for reverse transcription; 94 °C for 2 min for denaturation; and 40 cycles of 94 °C for 30 s, 53 °C for 30 s, and 68 °C for 60 s for amplification. For quantitative analysis, cDNA was generated from the equivalent amount of total RNA from blood serum using a Verso cDNA Kit. Real-time RT-PCR was performed using ZIKV primers; ZIKV ENV_qpF and ZIKV ENV_qpR ([Table 1](#tbl1){ref-type="table"}). Primers for ZIKV were purchased from FASMAC. The sequences of primers are listed in [Table 1](#tbl1){ref-type="table"}. To analyse the survival rate, ribavirin (2 mg or 10 mg) was intraperitoneally administered daily starting on the day of infection.

2.8. Measurement of viral load in the brain {#sec2.8}
-------------------------------------------

The brain samples were homogenized in 2% complete MEM. The homogenates were clarified by centrifugation. The titration was performed by plaque assay using the supernatant of tissue homogenates. The viral titer was adjusted for sample volume and tissue weight to calculate the titer as PFU/g.

2.9. Statistical analysis {#sec2.9}
-------------------------

We used the unpaired Student\'s t-test and log-rank test to evaluate the statistical significance of differences.

3. Results {#sec3}
==========

3.1. Ribavirin and IFN-β potently inhibit ZIKV replication in Vero cells {#sec3.1}
------------------------------------------------------------------------

In general, ribavirin is prescribed in combination with type I IFN to patients with HCV. To examine whether the combination of ribavirin and IFN-β inhibits ZIKV replication, viral suppression assays in Vero cells were performed. RT-PCR assays revealed that 40 μg/mL of ribavirin together with 2.5 U/mL of IFN-β could inhibit the viral replication completely ([Fig. 1](#fig1){ref-type="fig"} A). Next, we assessed the antiviral effect of each reagent on ZIKV replication. Treatment with 40 μg/mL of ribavirin could inhibit ZIKV replication not completely, but significantly, while treatment with 80 μg/mL of ribavirin could inhibit the replication almost completely ([Fig. 1](#fig1){ref-type="fig"}B). On the other hand, treatment with 1 U/mL of IFN-β could almost completely suppress the viral replication ([Fig. 1](#fig1){ref-type="fig"}C). Furthermore, low amount of ribavirin (2.5 μg/mL) or IFN-β (0.05 U/mL) slightly suppressed the viral replication, but no synergistic effect was observed ([Fig. 1](#fig1){ref-type="fig"}D).Fig. 1**Ribavirin inhibits ZIKV replication in Vero cells**. (A--D) Vero cells were infected with ZIKV at an MOI of 5 × 10^−5^. After 1 h adsorption, 2% complete MEM containing both ribavirin and IFN-β (A, D), ribavirin (B) or IFN-β (C) was added on the cells. Cells were incubated for 4 days, total RNA was isolated from Vero cells, and expression of ZIKV RNA was analysed by quantitative RT-PCR assay. The relative amount of viral RNA expression normalized against the corresponding level of β-actin mRNA is shown. 'ZIKV -' represents uninfected cells. Data represent mean values ± S.D. of three independent experiments. \*\*, P \< 0.01. \*, P \< 0.05.Fig. 1

3.2. Ribavirin inhibits ZIKV replication in human and mosquito cells {#sec3.2}
--------------------------------------------------------------------

Since Vero cells are defective in the production of type I IFN, we examined the antiviral effect of ribavirin on cell lines that normally produce type I IFN. We infected ZIKV to SH-SY5Y cells, a human neuroblastoma cell line, and C6/36 cells, an *Aedes albopictus* cell line, and then treated the cells with ribavirin. Although 10 μg/mL of ribavirin partially suppressed the viral replication in Vero cells, it could strongly inhibit the replication in SH-SY5Y cells ([Fig. 2](#fig2){ref-type="fig"} A). Moreover, treatment of C6/36 cells with 10 μg/mL of ribavirin significantly inhibited ZIKV replication ([Fig. 2](#fig2){ref-type="fig"}B). These results suggest that ribavirin more efficiently alleviates ZIKV replication in immune sufficient human cells and mosquito cells.Fig. 2**Ribavirin inhibits ZIKV replication in human neuroblastoma and mosquito cells**. (A, B) SH-SY5Y cells (A) and C6/36 cells (B) were infected with ZIKV at an MOI of 5 × 10^−4^ and MOI of 5 × 10^−5^, respectively. Ribavirin was added on the cells followed by 4 days culture *in vitro*. The expression of ZIKV RNA was normalized by β-actin (A) or 40S ribosomal protein S17 mRNA (B). 'ZIKV -' represents uninfected cells. Data represent mean values ± S.D. of three independent experiments. \*\*\*, P \< 0.001. \*\*, P \< 0.01.Fig. 2

3.3. Ribavirin prevents ZIKV-induced apoptosis and cell death {#sec3.3}
-------------------------------------------------------------

ZIKV infection of human neural progenitor cells causes an increase in caspase-3 activation, followed by cell death ([@bib46]). Hence, we tested whether ribavirin would inhibit ZIKV-induced apoptosis and cell death. First, we infected Vero cells with ZIKV in the presence of various concentrations of ribavirin and performed plaque forming assays. Ribavirin inhibited plaque formation partially at a concentration of 10 μg/mL or 100 μg/mL, and almost completely at 1000 μg/mL, ([Fig. 3](#fig3){ref-type="fig"} A and B). Similarly, 2.5 or 5 U/mL of IFN-β partially and 10 U/mL of IFN-β completely suppressed the plaque formation ([Fig. 3](#fig3){ref-type="fig"}C and D). These results suggest that both ribavirin and IFN-β can effectively prevent ZIKV-induced cell death *in vitro*.Fig. 3**Ribavirin inhibits ZIKV-induced apoptosis and cell death of Vero cells.** (A--D) Vero cells were infected with ZIKV at an MOI of 5 × 10^−4^ or MOI of 5 × 10^−5^. After 1 h adsorption, 2% methylcellulose containing ribavirin (A, B) or IFN-β (C, D) was layered on the cells. Cells were incubated for 4 days, fixed in 10% formalin, stained with methylene blue, and photographed (A, C). Data are representative of four (A) or three (C) independent experiments. Relative plaque numbers to untreated control were graphed (B, D). Data represent mean values ± S.D. of four (B) or three (D) independent experiments. \*\*\*, P \< 0.001. \*\*, P \< 0.01. \*, P \< 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 3

Confocal microscopic analysis revealed that uninfected Vero cells attached to the surface of culture dishes, while ZIKV-infected Vero cells detached from the dishes in the absence of ribavirin ([Fig. 4](#fig4){ref-type="fig"} A). However, ribavirin allowed the ZIKV-infected Vero cells to attach to the dishes at concentrations of 250 μg/mL and above. ZIKV-induced cell death could be suppressed with no cytotoxicity in the presence of up to 2000 μg/mL of ribavirin. In addition, we quantified apoptotic and dead cells by flow cytometry using a fluorescent conjugate of annexin V and the amine-reactive fluorescent dye Zombie Red. As shown in [Fig. 4](#fig4){ref-type="fig"}B, annexin V^+^ apoptotic cells and Zombie Red^+^ dead cells could be detected in 3.1% and 0.9% of uninfected Vero cells, respectively. On the other hand, the proportions of dead cells in ZIKV-infected Vero cells increased to 80.2%. Consistent with the microscopic observation, the ratio of dead cells began to reduce at concentrations of 62.5 μg/mL and 125 μg/mL of ribavirin though the proportions of apoptotic cells were slightly increased. The ratio of apoptotic and dead cells in the presence of 250 μg/mL of ribavirin was almost comparable to those in uninfected cells. No cytotoxicity was observed even in the presence of 2000 μg/mL of ribavirin. Taken together, these results suggest that ribavirin prevents ZIKV-induced apoptosis and cell death without cytotoxicity.Fig. 4**Analysis of ZIKV-induced apoptosis and cell death by confocal microscopy and flow cytometry**. (A, B) Vero cells were infected with ZIKV at MOI of 5 × 10^−3^. Following 1 h of adsorption at 37 °C, cells were cultured with 2% MEM containing ribavirin (15.6--2000 μg/mL). Four days post-infection, cells were observed by microscopy (A), or stained with annexin V and Zombie Red and analysed by flow cytometry (B). 'ZIKV -' represents uninfected cells. Data are representative of two independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 4

3.4. Ganciclovir can not prevent ZIKV-induced cell death {#sec3.4}
--------------------------------------------------------

Ganciclovir is a potent inhibitor of herpes family of viruses, including cytomegalovirus ([@bib9]). The mechanism by which ganciclovir interrupt the replicative virus is selective and potent inhibition of viral DNA polymerase ([@bib33]). It has been reported that in the plaque reduction assay, ganciclovir inhibited plaque formation at a concentration of 0.5 μM effectively ([@bib45]). As expected, ganciclovir could not inhibit the plaque formation by ZIKV ([Fig. 5](#fig5){ref-type="fig"} A and B). Moreover, the inhibitory effect of plaque formation was not observed even at a high concentration of ganciclovir (100 μg/mL) ([Fig. 5](#fig5){ref-type="fig"}C and D). These data suggest that DNA polymerase inhibitor is not effective against ZIKV.Fig. 5**Ganciclovir has no effect on ZIKV-induced apoptosis and cell death**. (A--D) Vero cells were infected with ZIKV at an MOI of 5 × 10^−4^ or MOI of 5 × 10^−5^. After 1 h adsorption, 2% methylcellulose containing ganciclovir were layered on the cells. Cells were incubated for 4 days, fixed in 10% formalin, stained with methylene blue, and photographed (A, C). Data are representative of four (A) or three (C) independent experiments. Relative plaque numbers to untreated control were graphed (B, D). Data represent mean values ± S.D. of four (A) or three (D) independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 5

3.5. Ribavirin administration abrogates viremia of ZIKV-infected STAT1-deficient mice {#sec3.5}
-------------------------------------------------------------------------------------

Finally, we investigated whether ribavirin can control the ZIKV replication *in vivo*.

Wild-type mice are resistant to ZIKV infection, whereas *Ifnar1*-deficient mice are highly susceptible to the infection ([@bib29]). Consistent with previous reports, no viremia was detected in wild-type mice (data not shown). Because STAT1 functions as a signal transducer in the IFNAR1 pathway, we attempted to establish a ZIKV-infected mouse model using STAT1-deficient mice. An acute weight loss was observed in ZIKV-infected STAT1-deficient mice from day 3 post infection, and died between 6 and 9 day post infection losing 30--40% of original body weight ([Fig. 6](#fig6){ref-type="fig"} A). Moreover, the viral infection resulted in significant hypothermia from day 4 post infection ([Fig. 6](#fig6){ref-type="fig"}B). Two days prior to the lethal outcome, the mice displayed abnormal behavior such as ataxic gait and shivering. Moreover, we analysed viremia by RT-PCR assay ([Fig. 6](#fig6){ref-type="fig"}C). An intense viremia began to be observed by day 2 post infection, however, interestingly, it started to decrease by day 5 post infection and subsequently, the mice died by day 8 post infection. We also quantified the viremia by real-time RT-PCR assay revealing that the level of viremia on day 3 post infection was more than a thousand times greater than that on day 1 post infection ([Fig. 6](#fig6){ref-type="fig"}D). This suggests rapid and robust virus replication in STAT1-deficient mice. These results indicate that STAT1-deficient mice are useful as a mouse model of lethal infection with ZIKV.Fig. 6**Analysis of viremia and survival of ZIKV-infected STAT1-deficient mice**. STAT1-deficient mice were subcutaneously infected with 1.0 × 10^4^ PFU of ZIKV per mouse. (A) The average of body weight (n = 6) and (B) individual rectal temperature curves (n = 5) were shown. (C) 15 mg of ribavirin (ribavirin +) (n = 5) or PBS (ribavirin −) (n = 5) was administered intraperitoneally for 3 consecutive days post-infection. Blood samples were collected daily from infected mice, and mRNA was extracted. Expression of ZIKV RNA was analysed by RT-PCR. N: no template control. P: positive control using viral diluent as a template. Data are representative of two independent experiments. (D) The quantitative expression levels of Zika virus. Blood serum samples in (C) were measured by real-time RT-PCR assay (n = 3 or 4 per group). The bar graph represents the mean and standard deviation values. N.S., not significant; \*\*\*, P \< 0.001. \*, P \< 0.05. (E) 10 mg of ribavirin (rib +) (n = 5) or PBS (rib −) (n = 5) was administered intraperitoneally everyday. Survival rates were monitored. \*\*, P \< 0.01. (F) The quantitative expression levels of Zika virus. Blood serum samples in (E) were measured by real-time RT-PCR assay as shown (D). (G) The titration of brains on day 5 post infection in (C) was performed by plaque assay. The bar graph represents the mean ± S.D. N.S., not significant.Fig. 6

We then attempted to prevent ZIKV viremia in STAT1-deficient mice by treating them with ribavirin. We administrated 15 mg of ribavirin intraperitoneally to ZIKV-infected STAT1-deficient mice for 3 consecutive days after infection. Although ribavirin treatment suppressed the viremia until 4 days after infection, RT-PCR bands were observed 2 days after discontinuation of ribavirin administration (day 5 post infection) ([Fig. 6](#fig6){ref-type="fig"}C). Ribavirin treatment significantly suppressed the levels of viremia on day 2 and 3 post infection compared to those of untreated mice (less than one-tenth and one-thousandth, respectively), however, the levels of viremia were comparable between two groups on day 5 post infection ([Fig. 6](#fig6){ref-type="fig"}D). On the other hand, ribavirin treatment failed to suppress the viral load in the brain on day 3 (data not shown) and day 5 post infection ([Fig. 6](#fig6){ref-type="fig"}G). Moreover, daily administration of 10 mg of ribavirin intraperitoneally to ZIKV-infected STAT1-deficient mice significantly prolonged the survival time ([Fig. 6](#fig6){ref-type="fig"}E). Consistent with [Fig. 6](#fig6){ref-type="fig"}D, an intense viremia on day 2 post infection was inhibited by ribavirin but the low levels of viremia sustained until the death of these mice ([Fig. 6](#fig6){ref-type="fig"}F). In previous reports, administration of approximately 1--2 mg of ribavirin in DENV-infected mice and ZIKV-infected mice failed to reduce viremia in AG129 mice ([@bib42], [@bib8], [@bib25]). Thus, we evaluated the effect of low doses of ribavirin in our mouse model, however, 2 mg of ribavirin could not suppress the viremia and not prolong the survival. ([Suppl. Fig. 1](#appsec1){ref-type="sec"}). These data indicate that high-doses of ribavirin efficiently abrogate ZIKV viremia in the early stage of infection, leading to a prolonged survival of STAT1-deficient mice.

4. Discussion {#sec4}
=============

In healthy adults, severe cases of ZIKV infection are uncommon, and about 80% of infections are asymptomatic ([@bib13], [@bib37], [@bib43]). However, ZIKV infection of pregnant women results in microcephaly and other developmental disorders in newborns, representing a major public health problem. To resolve the issue, rapid development of drugs that are useful for the prevention of Zika fever is necessary. Because it takes several years to develop a new drug, we tested the widely used antiviral drugs to examine the efficacy against ZIKV. As both HCV and ZIKV belong to family Flaviviridae, we hypothesized that ribavirin, a drug used to treat hepatitis C, would exert suppressive effects on ZIKV. Although it has been reported that ribavirin cannot inhibit ZIKV replication in Vero cells ([@bib25]), we found that ribavirin potently inhibited ZIKV replication not only in Vero cells but also in human neuroblastoma cell line ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}A). In addition, IFN-β also inhibited ZIKV replication in Vero cells, though the combination did not exert synergistic effect ([Fig. 1](#fig1){ref-type="fig"}D). Since most of Zika-endemic areas are developing countries and IFN-β is very expensive, a clinical application of IFN-β is difficult for such areas. In this study, we examined the efficacy of ribavirin against ZIKV infection because it is an affordable drug.

Ribavirin, whose safety has already been demonstrated, is widely used as a therapeutic drug for hepatitis C. Because ribavirin inhibits viral RNA-dependent RNA polymerases ([@bib4], [@bib32], [@bib47]) and mRNA cap formation ([@bib20]). Indeed, ribavirin could inhibit the replication of DENV, Middle East respiratory syndrome (MERS) coronavirus, and severe acute respiratory syndrome (SARS) coronavirus ([@bib14], [@bib15], [@bib39], [@bib26]), which suggests that ribavirin could be effective against RNA viruses. Thus, it is reasonable to predict that ribavirin could also suppress the replication of ZIKV, which is a single-stranded positive-sense RNA virus.

The blood concentration of ribavirin reaches approximately 24 μg/mL following intravenous injection of 1000 mg ribavirin to humans ([@bib26]). Our data indicated that 20 μg/mL of ribavirin could almost completely inhibit ZIKV replication in human SH-SY5Y cells ([Fig. 2](#fig2){ref-type="fig"}A) suggesting possible application of ribavirin for Zika fever. However, it should be used in short-term treatment, because long-term oral administration of ribavirin causes hemolytic anemia as a frequent side effect ([@bib3], [@bib6], [@bib26], [@bib38], [@bib40]), while no major side effects were reported in short-term treatment for acute Lassa fever with several intravenous shots of 1000 mg of ribavirin ([@bib3], [@bib34]).

It is argued that ribavirin is contraindicated in pregnant patients because of its teratogenic activity in hamster and rat embryos ([@bib19]). Recently new drugs, ledipasvir and sofosbuvir, were adopted as therapeutic drugs for hepatitis C. Although there are no adequate data regarding the risk in human pregnancy, no adverse developmental outcomes of these drugs were observed in animal studies ([@bib22], [@bib23]). A recent study reported that sofosbuvir inhibits Zika virus infection ([@bib7]), though it would be difficult to use the drugs in developing countries because of their expensiveness.

Generally, ZIKV can infect mainly primates but not wild-type mice. A few mouse models were reported, so far. For example, *Ifnar1*-deficient mice that lack type I IFN receptors are highly susceptible to ZIKV infection ([@bib29]). Furthermore, SJL mice that are defective for type I IFN signaling can be infected with ZIKV. It has been reported that the vertical infection could be occurred by trans-placental transmission in ZIKV-infected pregnant SJL mice ([@bib10]). However, we failed to confirm the ZIKV infection in SJL mice, in which viremia and lethal outcome were not observed (data not shown). In this study, we found that STAT1-deficient mice, which lack type I IFN signaling, were highly sensitive to ZIKV infection and exhibited lethal outcome. The viremia was observed 2--4 days after infection, however the levels of viremia decreased 5 days after infection without treatment for unknown reasons. Using this mouse model, we have demonstrated that ribavirin could successfully control ZIKV viremia and prolong the survival time significantly ([Fig. 6](#fig6){ref-type="fig"}C, E). However, ZIKV load in the brains were comparable between ribavirin-treated and untreated groups on day 5 post infection ([Fig. 6](#fig6){ref-type="fig"}G) and the low levels of viremia observed until the death of the mice treated with ribavirin ([Fig. 6](#fig6){ref-type="fig"}F), which suggests that ribavirin could not completely eliminate ZIKV. These results account for the lethal outcome in ZIKV-infected STAT1-deficient mice, however the mechanism underlying the prolonged mouse survival is still uncertain. We have shown that administration of ribavirin for the first three days after infection failed to prolong the survival of infected mice, even though they were treated with 15 mg of ribavirin ([Fig. 6](#fig6){ref-type="fig"}C). Schul et al. treated DENV-infected mice with 75 mg/kg of ribavirin for 3 day-consecutive administration. On the contrary, continuous administration of 10 mg of ribavirin throughout the course of infection could successfully prolong the survival ([Fig. 6](#fig6){ref-type="fig"}E). Thus the treatment regimens are critical for the control of ZIKV. On the other hand, daily administration of 2 mg (lower dose) of ribavirin, which resembles the doses used by other groups ([@bib42], [@bib8], [@bib25]), could not prolong the survival of ZIKV-infected STAT1-deficient mice ([Supplementary Fig. 1](#appsec1){ref-type="sec"}). The data suggests that daily administration of a high concentration of ribavirin is required to prolong the survival time of ZIKV-infected STAT1-deficient mice. Although low doses of ribavirin could inhibit viral replication judged by RT-PCR assay ([Fig. 1](#fig1){ref-type="fig"}), high doses of ribavirin were required for the suppression of apoptosis of infected cells judged by plaque assay ([Fig. 3](#fig3){ref-type="fig"}). Thus, even the viremia judged by RT-PCR assay appeared to be suppressed, apoptosis of cerebral nerve cell might be induced. The mechanism underlying lethal outcome of ZIKV-infected STAT1-deficient mice remains to be solved.
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The following is the supplementary data related to this article:Supplementary Fig. S1**Low doses of ribavirin cannot prolong the survival time of ZIKV-infected STAT1-deficient mice**. STAT1-deficient mice were subcutaneously infected with 1.0 × 10^4^ PFU of ZIKV per mouse and 2 mg of ribavirin (rib +) (n = 3) or PBS (rib −) (n = 5) was administered intraperitoneally everyday. Survival rates were monitored.Supplementary Fig. S1
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